We have measured hyperfine structure in the 6P 1/2 state of 133 Cs using a frequency-stabilized diode laser and acousto-optic modulators that produce calibrated frequency offsets. We check for errors due to radiation-pressure and optical-pumping effects by repeating the measurements at different values of pump power in a saturated-absorption spectrometer. We obtain a precise value of the magnetic-dipole constant, A = 291.9135(15) MHz, representing an improvement of more than an order of magnitude.
Introduction
Precise measurement of hyperfine structure in the low-lying electronic states of heavy alkali atoms such as Cs plays an important role in the interpretation of atomic parity non-conservation (PNC) experiments [1] . This is because comparison between theoretical and experimental determinations of hyperfine structure provides a stringent test of atomic structure calculations in the vicinity of the nucleus. In addition, hyperfine structure in these multielectron atoms is sensitive to core polarization and core correlation effects [2] .
In this paper, we demonstrate a precision of 6 kHz in the measurement of the hyperfine interval in the lowest excited state of 133 Cs, namely the 6P 1/2 state. We measure the interval using a previously developed technique [3] , in which the frequency offset produced by an acousto-optic modulator (AOM) is directly locked to the hyperfine interval of interest. The hyperfine splitting in this state has been measured previously but with much lower accuracyan accuracy of 320 kHz using fluorescence spectroscopy from crossed atomic and laser beams [4] , and an accuracy of 81 kHz using saturated-absorption spectroscopy in a vapour cell and measuring the absolute frequencies of transitions with a frequency comb [5] . Our results are consistent with these earlier measurements. 
Experimental details
The experimental schematic is shown in figure 1 and is essentially the same as described in our earlier work [3] . The output from a grating-stabilized diode laser is split into two parts. The first part is up-shifted through an AOM (with a fixed frequency offset) and goes into a Cs saturated-absorption spectrometer, the error signal from which is used to lock the laser to a particular hyperfine transition. The second part is down-shifted through a second AOM and then goes into another Cs saturated-absorption spectrometer. The error signal from the neighbouring hyperfine transition is fed back to lock the frequency of the second AOM. Thus the sum of the two AOM frequencies directly gives the interval we are measuring. The use of two AOMs is only because the large hyperfine interval in 133 Cs is not accessible with a single AOM, as was used in our earlier work on Rb. Double-passing through the AOMs further increases the frequency shift by a factor of 2; in addition, it helps in maintaining directional stability when the AOM frequency is scanned. The intensity of the laser beam exiting the second AOM is also stabilized in a servo loop by adjusting the rf power exciting the AOM.
The Cs spectroscopy is done in two room-temperature vapour cells with an atom density of 5 × 10 8 atoms cm −3 . Each cell has a special two-layer magnetic shield 1 to reduce stray fields below 1 mG. To ensure that the pump and probe beams in the saturatedabsorption spectrometers are as nearly counter-propagating as possible, we use orthogonal linear polarizations for the beams and polarizing beam-splitter cubes to mix and separate them. This configuration also allows us to control the individual beam powers very precisely by using half-wave retardation plates before the cubes. The typical ratio of pump to probe power is a factor of 4. As discussed below, the pump power is varied over a large range to check for intensity-dependent errors.
The rms linewidth of the diode laser (before locking) is less than 500 kHz. The injection current is modulated at f = 20 kHz and the signal from the spectrometers is demodulated at 3f to obtain the error signals. Such third-harmonic detection provides narrow dispersive signals that are insensitive to the underlying Doppler profile in the saturated-absorption spectrum [6] . A typical saturated-absorption spectrum is shown in figure 2 . The spectrum is obtained with the laser locked to the F = 4 → F = 4 hyperfine transition, with an offset determined by the frequency of the first AOM. The frequency of the second AOM is then scanned across the neighbouring F = 4 → F = 3 transition. The scan width is limited only by the bandwidth of the AOM. The solid line in the figure is a Lorentzian fit, which shows that the lineshape is symmetric. It does not describe the lineshape completely (especially near the wings) because the underlying Doppler profile has not been not subtracted. The fit yields a linewidth of 11.4 MHz, which is somewhat larger than the natural linewidth of 5 MHz. This increase is typical in saturated-absorption spectroscopy, and is primarily caused by a small misalignment angle between the counter-propagating beams and power broadening from the pump beam. There is also some broadening due to wavefront curvature in the beams.
Error analysis

Statistical errors
Before we turn to the results, let us briefly consider the different sources of error in the measurement. The primary sources of statistical error are the fluctuations in the lock point of the laser and the AOM. To minimize these errors, we use an integration time of 10 s in the frequency counter during each measurement of the AOM frequency. Then we take an average of 35-40 measurements for a given transition, and repeat the set several times. This results in an overall statistical error of less than 1.5 kHz in each value. The timebase in the frequency counter used for measuring the AOM frequency has a stability of better than 10 −6 , which translates to a negligible error of <0.4 kHz in the frequency measurement.
Systematic errors
Systematic errors can occur if there are systematic shifts in the lock points of the laser and the AOM. This can arise due to one of the following reasons.
(i) Radiation-pressure effects. Radiation pressure causes velocity redistribution of the atoms in the vapour cell. Because of the counter-propagating geometry used in saturatedabsorption spectroscopy, the opposite Doppler shifts result in asymmetry of the observed lineshape [7] . We minimize these effects by using the lowest intensity possible for the probe beam. The power in the beam is 10 µW corresponding to an intensity of about 0.25 mW cm −2 , which is much smaller than the saturation intensity of 0.83 mW cm −2 . The highest pump-beam power is 42 µW or an intensity of 1.07 mW cm −2 . Even with this power, the lineshape (as seen at this power in figure 2 ) is very symmetric.
(ii) Line shifts from stray magnetic fields in the vicinity of the cells. The primary effect of a magnetic field is to split the Zeeman sublevels and broaden the line without affecting the line centre. However, line shifts can occur if there is optical pumping into Zeeman sublevels. For a transition |F, m F → |F , m F , the systematic shift of the line centre is µ B (g F m F − g F m F )B, where µ B = 1.4 MHz G −1 is the Bohr magneton, g's denote the Landé g factors of the two levels and B is the magnetic field. The selection rule for dipole transitions is m = 0, ±1, depending on the direction of the magnetic field and the polarization of the light. Thus, if the beams are perfectly linearly polarized, there will be no asymmetric driving and the line centre is unaffected. This is an important advantage of using polarizing beam-splitter cubes in the spectrometers; an extinction ratio of better than 1000 : 1 ensures near-perfect linear polarization of the beams. We further minimize these effects by using a two-layer magnetic shield around each cell. The stray field is measured with a three-axis fluxgate magnetometer to be below 1 mG. Such high level of magnetic shielding is one of the primary advantages of using a small vapour cell. (iii) Shift in the lock point due to phase shifts in the feedback loop. We check for this error by replacing the two AOMs with identical ones, and adjusting them so that they produce opposite frequency offsets. When the laser is locked to a given hyperfine transition, the first AOM produces a fixed frequency offset, which is then compensated by the second AOM. Hence, the beam exiting the second AOM is also resonant with the same transition. Under these conditions, the second AOM should lock to the frequency of the first AOM, with any error arising solely due to phase shift errors. We find that the second AOM tracks the frequency of the first AOM to within 1 kHz. (iv) Shifts due to collisions. Note that collisional shifts will be the same for different hyperfine transitions, and should cancel in a difference-frequency measurement. We further check for this error by repeating the measurements with a heated vapour cell. An increase to 45
• C increases the Cs density by a factor of 5, and we find that the measured values shift by less than 5 kHz. As mentioned in point (i) above, the peak centre can be shifted due to radiation-pressure effects. Similarly, from point (ii), the centre can be shifted if there is asymmetric pumping into the Zeeman sublevels in the presence of a residual magnetic field. Asymmetric optical pumping can occur if the beam polarizations are not perfectly linear, for example, due to imperfections in the cubes or birefringence in the cell windows. From an experimental point of view, both radiation-pressure and optical-pumping effects will increase with laser power. Therefore, we can check for these errors by repeating the measurements at different values of pump power.
The estimated sizes of the various sources of systematic error are listed in table 1. The size of the Zeeman shift is calculated in a residual field of 1 mG by considering all allowed combinations of m F and m F , and taking the one with the largest shift, assuming atoms get completely optically pumped into these sublevels. Table 2 . Hyperfine measurements in 133 Cs. The first column gives the transition to which the laser was locked and the second column gives the transition to which the AOM was locked. To check for intensity-dependent errors, the measurements were repeated at three values of pump power, as listed in columns 3-5.
Interval ( 
Results and discussion
We now turn to the results. 133 Cs has two hyperfine levels in the ground state; hence the same interval can be measured either with the F = 3 → F set of transitions or the F = 4 → F set of transitions. The results for both sets of measurements are given in table 2. Each value has a statistical error of less than 1.5 kHz. To check for long-term errors, the measurements were repeated over several days after complete realignment. Intensity-dependent errors were checked by measuring intervals at three values of pump power, as listed.
The most important thing to note from the table is that the measurements at the three powers are consistent within a few kHz of each other, even though the pump power is increased by a factor of 4. This means that our error estimate in table 1 is reasonable, and that shifts due to radiation-pressure and optical-pumping effects are negligible at this level of precision. Note that increasing the pump power also increases the height of the peak in the spectrum, its linewidth and the overall signal-to-noise ratio. The consistency of the values shows that there are no unknown systematic errors related to these parameters.
The average value of the hyperfine interval in the 6P 1/2 state from the six measurements listed in table 2 is 133 Cs : {F = 4 − F = 3} = 1167.654(6) MHz.
The quoted error of 6 kHz is the total error obtained by adding in quadrature the systematic errors in 
Hyperfine constant
The average value of the interval can be used to obtain the value of the magnetic-dipole coupling constant A in the 6P This value is compared to earlier values in figure 3 . Also shown is the recommended value from the review work in [2] . Our present work improves the previous results by more than an order of magnitude.
Conclusion
In summary, we have applied a technique of using an AOM whose frequency is directly locked to the frequency difference between two hyperfine transitions to measure the hyperfine interval in the 6P 1/2 state of 133 Cs. We check for intensity-dependent systematic errors by measuring the same interval at different values of pump power in the saturated-absorption spectrometer. We demonstrate a precision of 6 kHz in the measurement, which improves the previous best value by more than an order of magnitude. One of the primary motivations for this work is that precise hyperfine-structure measurements form an important link in comparing calculations in Cs with atomic PNC experiments. With this in mind, we have recently completed hyperfine measurements in the 6P 3/2 state of 133 Cs with similar precision, again using an AOM for frequency calibration but using a new technique of coherent control for the hyperfine spectroscopy [8] . The high precision offered by the AOM technique should make it useful in other atoms as well.
